The quantity and activation state of adipose tissue macrophages (ATMs) impact the development of obesity-induced metabolic diseases. Appetite-controlling hormones play key roles in obesity; however, our understanding of their effects on ATMs is limited. Here, we have shown that human and mouse ATMs express NPFFR2, a receptor for the appetitereducing neuropeptide FF (NPFF), and that NPFFR2 expression is upregulated by IL-4, an M2-polarizing cytokine. Plasma levels of NPFF decreased in obese patients and high-fat diet-fed mice and increased following caloric restriction. NPFF promoted M2 activation and increased the proliferation of murine and human ATMs. Both M2 activation and increased ATM proliferation were abolished in NPFFR2-deficient ATMs. Mechanistically, the effects of NPFF involved the suppression of E3 ubiquitin ligase RNF128 expression, resulting in enhanced stability of phosphorylated STAT6 and increased transcription of the M2 macrophage-associated genes IL-4 receptor a (Il4ra), arginase 1 (Arg1), IL-10 (Il10), and alkylglycerol monooxygenase (Agmo). NPFF induced ATM proliferation concomitantly with the increase in N-Myc downstream-regulated gene 2 (Ndrg2) expression and suppressed the transcription of Ifi200 cell-cycle inhibitor family members and MAF bZIP transcription factor B (Mafb), a negative regulator of macrophage proliferation. NPFF thus plays an […] 
Introduction
Adipose tissue macrophages (ATMs) are immune cells of adipose tissue (AT) stroma with key roles in AT development and metabolism (1) . ATMs accumulate in AT in obesity and undergo so-called classical M1 polarization to a metabolically harmful proinflammatory phenotype, which drives obesity-associated metabolic diseases (2) . M1-activated ATMs produce inflammatory cytokines, NO, and ROS that induce AT inflammation, leading to insulin resistance (IR) and contributing to comorbidities of obesity (2) . Given the near-pandemic incidence of obesity and associated metabolic diseases, there is a clear need for a better understanding of how the quantity and activation of ATMs are controlled (1) .
M1-activated ATMs are replenished from circulating monocytes that infiltrate obese AT (3) . ATMs also proliferate locally in obese AT, increasing the quantity of M1-activated ATMs and exacerbating AT inflammation (4) . ATMs can also adopt an alternative or M2 activation state, which supports the resolution of inflammation and is hence metabolically beneficial; the prevalent ATM activation state in lean AT is M2 (2) . Th2 cytokines, lipid metabolites, neurotransmitters, and hormones can shift ATMs into an M2activated state (5) ; however, how these signals function to control the replenishment of metabolically beneficial ATMs is unknown.
Neuropeptide FF (FLFQPQRFamide, abbreviated herein as NPFF) is a member of the evolutionarily conserved RF-amide neuropeptide family (6) . NPFF has been principally studied in mammals as a pain modulator and in the adaptive responses to opiate treatment, but it can also reduce food intake in rodents by acting at hypothalamic nuclei (6, 7) . Appetite control is key in obesity development, and in vitro studies have shown that NPFF inhibits both human and murine adipocyte development (8, 9) . Peripheral tissues have negligible NPFF receptor expression, with the exception of AT, in which NPFF receptor 2 (NPFFR2, also known as GPR74, HG31, and NPFF2) is expressed (10, 11) . Genetic variance of NPFFR2 is closely associated with obesity status (12) . Human plasma contains NPFF (13) , and it is postulated that NPFF may be released from nerve endings in AT (11) . However, the in vivo role of NPFF in AT function is unknown.
The quantity and activation state of adipose tissue macrophages (ATMs) impact the development of obesity-induced metabolic diseases. Appetite-controlling hormones play key roles in obesity; however, our understanding of their effects on ATMs is limited. Here, we have shown that human and mouse ATMs express NPFFR2, a receptor for the appetite-reducing neuropeptide FF (NPFF), and that NPFFR2 expression is upregulated by IL-4, an M2-polarizing cytokine. Plasma levels of NPFF decreased in obese patients and high-fat diet-fed mice and increased following caloric restriction. NPFF promoted M2 activation and increased the proliferation of murine and human ATMs. Both M2 activation and increased ATM proliferation were abolished in NPFFR2-deficient ATMs. Mechanistically, the effects of NPFF involved the suppression of E3 ubiquitin ligase RNF128 expression, resulting in enhanced stability of phosphorylated STAT6 and increased transcription of the M2 macrophage-associated genes IL-4 receptor α (Il4ra), arginase 1 (Arg1), IL-10 (Il10), and alkylglycerol monooxygenase (Agmo). NPFF induced ATM proliferation concomitantly with the increase in N-Myc downstream-regulated gene 2 (Ndrg2) expression and suppressed the transcription of Ifi200 cell-cycle inhibitor family members and MAF bZIP transcription factor B (Mafb), a negative regulator of macrophage proliferation. NPFF thus plays an important role in supporting healthy adipose tissue via the maintenance of metabolically beneficial ATMs.
Neuropeptide FF increases M2 activation and self-renewal of adipose tissue macrophages observed that Npffr2 mRNA and NPFFR2 protein were expressed only by ATMs in mouse epididymal white adipose tissue (eWAT) and inguinal WAT (iWAT) (Figure 1 , F-J). The expression of NPFFR2 was equivalent in ATMs of eWAT and iWAT ( Figure 1K ). Because eWAT from lean mice contained more ATMs than did iWAT (Supplemental Figure 1 , B and C), we used ATMs isolated from eWAT for in vitro assays throughout the study. Other potential receptors of NPFF, such as Npffr1 and acid-sensing ion channel 1 (Asic1a), were not expressed by ATMs (Supplemental Figure 2 , A and B).
We next compared NPFFR2 expression levels between ATMs and other macrophage types in mice. Peritoneal macrophages, Kupffer cells, and bone marrow-derived macrophages had minor or negligible NPFFR2 protein and Npffr2 mRNA expression levels relative to levels detected in ATMs ( Figure 1L and Supplemental Figure 2 , C and D), whereas the murine macrophage line J774A.1 had more detectable expression of Npffr2 (Supplemental Figure  2E ). Moreover, NPFFR2 transcription was undetectable in human peripheral blood monocytes and in nonadherent, monocytic THP1
The mechanisms governing macrophage proliferation and M1/M2 polarization are key to defining the metabolic effects of ATMs (2) . We show here that NPFF has metabolically beneficial effects on ATMs by increasing M2-macrophage activation and proliferation. Thus, NPFF appears to play an important role in the maintenance of healthy AT.
Results

NPFF receptor expression is restricted to ATMs in AT, and its expression
is upregulated by IL-4. NPFFR2 is the principal receptor for NPFF in mammalian cells, and its gene expression has been demonstrated in AT (10) . To study the cell-autonomous function of NPFFR2 in AT, we first examined its expression in human omental fat ( Figure 1A ). We found that NPFFR2 mRNA transcription and NPFFR2 protein expression were restricted to ATMs in the stromal vascular fraction (SVF) (Figure 1 (M) Npffr2 transcription in mouse ATMs after 100 ng/ml LPS or 2.5 ng/ml IFN-γ treatment for 4 hours in vitro or after 3 months on a NCD or HFD (n = 3 and 5, respectively). (N) NPFFR2 + ATMs in NCD-or HFD-fed mice. Each data points represent pooled ATMs from 2 mice. The experiment was conducted 2 times. (O and P) Npffr2 and NPFFR2 transcription after 10 ng/ml IL-4 treatment of mouse (O) and human (P) ATMs (n = 3). Human ATMs were treated for 4 hours. *P < 0.05, **P < 0.01, and ***P < 0.001, by unpaired, 2-tailed Student's t test (B, C, G, M, N, and P) and 1-way ANOVA with Dunnett's post-hoc test (O). ac, adipocyte; fp, filopodia; iMCs, immature myeloid cells; iso, isotype; lp, lamellipodia; MFI, mean fluorescence intensity; mt, mitochondria; nc, nucleus; vs, vesicle. jci.org Volume 127 Number 7 July 2017 mation, which can exacerbate IR in obese AT. M1 activation can be triggered in vitro by treatment with various agents such as LPS, IFN-γ, or palmitic acid (5) . IL-4 induces M2 activation, which is considered metabolically beneficial in AT, since it triggers a cells (Supplemental Figure 2F ). Overall, these results suggest that ATMs are potential targets of NPFF. The metabolic effects of ATMs are determined by their activation state (2) . M1 activation of ATMs contributes to AT inflam- Plasma levels of NPFF in mice and humans are sufficient for M2 activation of ATMs. Since Npffr2 expression was upregulated by IL-4, we questioned whether NPFF impacted the IL-4-induced transcriptional changes in ATMs. Data on NPFF bioavailability and receptor binding are scarce. Thus, we first determined the effective dose of NPFF that could activate NPFFR2 signaling in ATMs. NPFF bound to murine ATMs with a K D of 0.37 nM ± 0.01 nM (Figure 2A and Supplemental Figure 3B ). NPFFR2 belongs to the family of G i protein-linked neuropeptide receptors (14) , and, accordingly, NPFF treatment strongly reduced cAMP levels in ATMs, with a half-maximal effective concentration (EC 50 ) of 0.40 ± 0.01 nM ( Figure 2B and Supplemental Figure 3C ).
To estimate the NPFF concentration to which ATMs can be exposed in vivo, we determined its concentration in mouse and human plasma (details of the mass spectrometric analysis and ELISA for plasma NPFF levels can be found in Supplemental Figure 4 , A-D). The plasma levels of NPFF were 0.53 nM ± 0.02 nM in lean 8-week-old male C57BL/6 mice and 0.4 8 nM ± 0.03 nM pro-resolving ATM phenotype that can impede AT inflammation and IR (2) . Thus, to question whether Npffr2 transcription was dependent on the ATM activation state, we treated murine ATMs with LPS or IFN-γ and found that Npffr2 transcription was diminished in response to either treatment ( Figure 1M ). Obese AT is rich in M1-activated ATMs (2) . To test whether obesity-induced ATM activation modulated Npffr2 transcription, we rendered C57BL/6 mice obese by placing them on a high-fat diet (HFD) for 12 weeks (body and AT weights are shown in Supplemental Figure 3A ). When compared with normal diet-fed mice, the total ATM population from HFD-fed mice had diminished Npffr2 transcription ( Figure 1M ) and reduced NPFFR2 protein levels (Supplemental Figure 2G ), which was reflected by the reduced number of NPF-FR2 + ATMs ( Figure 1N ). Murine ATMs treated in vitro with IL-4 increased their expression of Npffr2 ( Figure 1O ), which was proportional to the duration of IL-4 exposure. Human ATMs also had upregulated NPFFR2 transcription following IL-4 treatment (Figure 1P) , and IL-13 had a similar effect (Supplemental Figure 2H ). fed mice and morbidly obese patients ( Figure 2C ). We found that intermittent fasting also increased plasma NPFF levels in lean volunteers ( Figure 2C ). Indeed, plasma glucose levels negatively correlated with plasma NPFF levels in both mice and humans (Supplemental Figure 4F ). NPFF is released from the hypothalamus and from peripheral nerves within the adrenal gland (13) . In addition, we identi- Figure 2C ). These values fit well with the EC 50 of NPFFR2 in ATMs. We found no correlation between age and sex and human plasma NPFF levels (Supplemental Figure  4E ). By contrast, in HFD-fed mice and morbidly obese patients, the plasma concentrations of NPFF were below the EC 50 for NPF-FR2 ( Figure 2C ; see the Supplemental Information for a summary of the patients' metabolic parameters). This reduction in plasma NPFF levels was reversed by caloric restriction (CR) in both HFD- ure 5). In both mice and humans, the majority of the pancreatic polypeptide-and somatostatin-containing endocrine cells of the islets contained NPFF-immunoreactive material (Supplemental Figure 6 ). Of note, pancreatic transcription of Npff was reduced in HFD-fed mice, whereas hypothalamic Npff levels remained unchanged (Supplemental Figure 6I ). We treated ATMs with 0.5 nM NPFF, a concentration that was within the plasma level range in lean mice and humans and an effective dose for reducing intracellular cAMP levels ( Figure  2 , A-C). This concentration of NPFF increased the transcription of Npffr2 and NPFFR2 in mouse and human ATMs, respectively ( Figure 2D) , and mimicked the effect of IL-4 (Figure 2 , E-G, and Supplemental Figure 7A ).
In mouse ATMs, both NPFF (0.5 nM) and IL-4 (10 ng/ml) increased the transcription of arginase 1 (Arg1), IL-10 (Il10), and IL-4 receptor α (Il4ra), all of which are effectors of M2 macrophages ( Figure 2E ). These transcriptional changes were concomitant with reduced transcription of the M1 markers IL-6 (Il6) and TNF-α (Tnfa) (Supplemental Figure 7A ). IL-4 and NPFF also upregulated Agmo (Figure 2E ), which encodes alkylglycerol monooxygenase (AGMO, EC 1.14.16.5). AGMO has antiinflammatory potential (15, 16) , and Agmo transcription was reduced in response to LPS and IFN-γ (Supplemental Figure 7B ). In human ATMs, NPFF treatment increased the expression of CD206 (also known as MRC-1) ( Figure 2F ), which is associated with M2-like, pro-resolving activation of human macrophages (17, 18) (Supplemental Figure 7C ). Moreover, in human ATMs, NPFF increased the transcription of IL4RA and AGMO, the human homologs of Il4ra and Agmo (Supplemental Figure 7C ). Prolonged exposure to NPFF (24 h) led to an increase in arginase 1 expression in mouse ATMs, which was more robust than that provoked by IL-4 ( Figure 2G ). Peritoneal macrophages and Kupffer cells, which have moderate or negligible NPFFR2 expression when compared with ATMs ( Figure 1L and Supplemental Figure 2C ), failed to upregulate Arg1, Il4ra, or Agmo or reduce Tnfa following 0.5 nM NPFF treatment in vitro (Supplemental Figure 7D ). To evaluate whether the plasma levels of NPFF found in obesity could effect changes in ATMs, we treated mouse ATMs with 0.2 nM NPFF; however, this concentration failed to induce M2 activation (Supplemental Figure 7E ), corroborating the notion that plasma levels of NPFF in obesity are insufficient to affect ATM activation. NPFF causes M2 activation of ATMs in vivo. Our finding that diet-induced obesity reduced NPFF plasma levels and diminished the prevalence of Npffr2-expressing ATMs suggested that the M2-activating effect of NPFF is lost in this setting. This prompted us to explore whether NPFF replacement could induce M2 activation and yield metabolic benefits in diet-induced obesity. Accordingly, HFD-fed mice were treated with 4 nmol/kg/day NPFF for 18 days ( Figure 2H ), which increased plasma levels of NPFF to 0.494 nM ± 0.074 nM versus 0.109 nM ± 0.019 nM in vehicle-treated mice at the end of the study (Supplemental Figure 8A) and was within the range observed in lean mice ( Figure 1C ). We analyzed ATMs in both eWAT and iWAT, since AT depots can have a specific impact on metabolism and some hormones or drugs can have adipose depot-specific effects (1, 2) . The inflammatory state was comparable between the 2 adipose depots after HFD feeding (Supplemental Figure 7F and Supplemental Figure 8, B-D) . The level of transcrip-tion of Npffr2, Arg1, Il10, Il4ra, Agmo, Cd163, and Cd206 was higher in ATMs of both depots from NPFF-treated mice than in ATMs from vehicle-treated mice, with a concomitant reduction of Il6, Tnfa, and Nos2 transcription (Figure 2 , I-K, and Supplemental Figure 8 , B-D). These transcriptional changes are characteristic of diminished AT inflammation and have been shown to be protective against the development of IR (19, 20) . Obese AT accumulates CD11c + ATMs, which are associated with the dominance of M1-ATM activation (20) . We found that NPFF treatment reduced Cd11c (also known as Itgax) transcription and the amount of CD11c + ATMs in eWAT and iWAT (Supplemental Figure 7F) . Indeed, glucose tolerance as well as AT insulin sensitivity were increased after NPFF treatment ( Figure 3, A and B) , whereas plasma insulin, glucagon, and adiponectin levels ( Figure 3C ), as well as body weight, food intake, AT weight, and body temperature ( Figure 3D ) were unaffected by NPFF treatment. Moreover, gluconeogenesis measured by a pyruvate tolerance test (PTT) ( Figure 3E ), the degree of change in fatty liver ( Figure 3F ), and the plasma lipid profile ( Figure 3G) were unaffected by NPFF. NPFF treatment reduced AT inflammation (Supplemental Figure 7G) , however, liver and muscle inflammatory states were unchanged, and NPFF had negligible effects on the transcription of Il6, Tnfa, Nos2, and Arg1 in Kupffer cells and skeletal muscle (Supplemental Figure 7H) , which is in striking contrast to its effect on ATMs in vivo (Figure 2 , I-K). These findings suggest that naling (21) . We found that the effect of NPFF on macrophage activation was also dependent on STAT6, as shown by the reduction of Arg1 and II4ra expression in NPFF-treated ATMs cotreated with the STAT6 inhibitor AS1517499 ( Figure 4A ; further details on the inhibitory effect of AS1517499 on STAT6 signaling are provided in Supplemental Figure 10A ). Accordingly, ATMs cotreated with AS1517499 lost their capacity to phosphorylate STAT6 following NPFF treatment (Supplemental Figure 10B ). The level of phosphorylated STAT6 (p-STAT6) was sustained by NPFF for a longer period than was observed with IL-4 ( Figure  4 , B and C), and, as a consequence, transcription of the STAT6 target Il4ra remained elevated for an extended period ( Figure 4D ). This result is consistent with the finding that arginase 1 expression was higher in NPFFtreated ATMs after 24 hours than in IL-4-treated ATMs ( Figure 2G ). These findings led us to investigate whether NPFF inhibited the inactivation of STAT6 signaling. While little is known about the mechanisms that inactivate IL-4/STAT6 signaling in macrophages, proteasomal degradation of p-STAT6 is thought to be an important switch-off mechanism (22) . It has been recently demonstrated that the E3 ubiquitinprotein ligase RNF128 (EC 6.3.2.), also known as GRAIL, is responsible for p-STAT6 ubiquitination and proteasomal degradation in Th2 cells (23, 24) . The effect of NPFF on transcription of the STAT6 target Il4ra was similar to that of RNF128 deficiency in Th2 cells, which increases the transcription of Il4ra (24) . This prompted us to postulate that the reduced level of RNF128 was responsible for the effect of NPFF in ATMs. Therefore, we measured Rnf128 transcription after IL-4 and NPFF treatment in ATMs. IL-4 treatment reduced Rnf128 transcription within 30 minutes, but this effect was lost at longer (1-or 4-h) treatment durations ( Figure 4E ). Protein expression of RNF128 was strongly decreased by IL-4 within 1 hour; however, the initial level of RNF128 was restored in ATMs treated for 10 hours with IL-4 (Figure 4F) . By contrast, in NPFF-treated ATMs, restoration of Rnf128 mRNA and RNF128 protein levels did not occur if the ATMs were treated with NPFF ( Figure 4 , E and F).
ATMs are the major targets of NPFF. To further confirm the direct antiinflammatory effect of NPFF on ATMs, we treated them in vitro with palmitic acid to mimic M1 activation caused by lipid overload. We observed that NPFF exposure increased Il10 transcription and abolished Il6 and Tnfa transcription in palmitic acid-treated ATMs ( Figure 2L ). NPFF treatment also inhibited nuclear translocation of NF-κB in an IL-10-dependent manner (Supplemental Figure 9 ).
NPFF inhibits phosphorylated STAT6 decay in ATMs. It is known that IL-4 exerts its effects on macrophage activation via STAT6 sig- human ATMs were increased by NPFF treatment (Figure 5 , F and G). Similarly, the number of ATMs was increased following NPFF treatment of mice ( Figure 5H , Supplemental Figure 14C , and Supplemental Figure 16G ). ATMs lacking NPFFR2 expression failed to upregulate proliferation in response to NPFF (Figure 5I) , and pharmacological inhibition of NPFFR2 abolished the effect of NPFF on macrophage proliferation (Supplemental Figure  14C and Supplemental Figure 16 , A-F). Accordingly, NPFFR2overexpressing mice had increased ATM numbers and proliferation (Supplemental Figure 12F) , while NPFFR2-deficient mice had reduced ATM numbers and proliferation (Supplemental Figure 13 , G and H), without an effect on peripheral blood hematology (Supplemental Figure 12G and Supplemental Figure 13I ). Proliferating ATMs in both eWAT and iWAT had lower expression levels of the transcription factor MAF bZIP transcription factor B (Mafb) than did quiescent ATMs ( Figure 6A ). Reduced Mafb transcription allows macrophage proliferation (25, 28, 29) , and we have previously demonstrated the impact of low Mafb transcription levels on the proliferation of macrophage precursors (28) . When mouse ATMs were treated with NPFF, mRNA and protein expression levels of Mafb were decreased ( Figure 6B) .
NPFF treatment or NPFFR2 overexpression increased the transcription of N-Myc downstream-regulated gene 2 (Ndrg2) in ATMs ( Figure 6C ). NDRG2 can increase cell proliferation in specific cell types (30) ; however, its impact on macrophage proliferation is not known. Overexpression of NDRG2 in U937 macrophages (Supplemental Figure 13J ) led to increased proliferation, mimicking the effect of NPFF ( Figure 6D ). Furthermore, NPFF treatment decreased the transcription of IFN-inducible 200 (IFI200) family members, which inhibit proliferation and suppress growth in various cell types including macrophage progenitors (31) . Ifi203 was the relevant IFI200 family member expressed in C57BL/6-derived ATMs, whereas Ifi202b, Ifi204, and Ifi205 were expressed in BALB/c-derived J774A.1 macrophages ( Figure  6E and Supplemental Figure 17A ), in agreement with a previous study on strain-specific expression of Ifi200 genes (32) . We found that overexpression of IFI203 (Supplemental Figure 13K ) abrogated the effect of NPFF on macrophage proliferation ( Figure  6F ). Moreover, in human ATMs, myeloid cell nuclear differentiation antigen (MNDA), a homolog of the murine IFI200 family, was suppressed by NPFF ( Figure 6E ). NPFF-treated ATMs and ATMs overexpressing NPFFR2 had increased Ccne transcription, further confirming the notion that NPFF/NPFFR2 signaling increases ATM proliferation ( Figure 6G ). The absence of NPFFR2 abolished the effect of NPFF on Ndrg2 and Ifi203 transcription in ATMs ( Figure 6H ). Pharmacological inhibition of NPFFR2 had a similar effect (Supplemental Figure 16F) .
NPFF inhibits IFN-γ signaling, which is key for ATM activation and proliferation. IFN-γ treatment reduced Npffr2 transcription in ATMs ( Figure 1M) , and, in turn, NPFF treatment abolished the effect of IFN-γ on the transcription of Il6 and Nos2 ( Figure 7A ). We found that NPFF also inhibited IFN-inducible gene transcription in J774A.1 macrophages (Supplemental Figure 17, B and C) . The NPFF-regulated genes ring finger protein 128 (Rnf128), Ndrg2, and Ifi200 family members are IFN-responsive genes, and IFN-γ had an effect opposite that of NPFF on their transcription (Supplemental Figure 17C) .
The above findings suggest that reduced RNF128 is responsible for the maintained STAT6 phosphorylation observed in NPFF-treated ATMs. Supporting this possibility, NPFF failed to maintain STAT6 phosphorylation in J774A.1 macrophages overexpressing RNF128 (Supplemental Figure 10C ) and did not induce M2 activation (Figure 4, G and H) . In turn, ATMs from RNF128-deficient mice showed increased p-STAT6 levels (Supplemental Figure 11A ) and expression of arginase 1 and CD206, both of which are hallmarks of M2 activation ( Figure 4I and Supplemental Figure 11B ; details on the generation and phenotype of RNF128-deficient mice are provided in Supplemental Figure 11 , C-E). Similar to RNF128 deficiency, ATMs overexpressing NPF-FR2 had increased expression of arginase 1 and CD206 and transcription of Il10 ( Figure 4J , and Supplemental Figure 12A ; details on the generation and phenotype of NFPFFR2-overexpressing mice are provided in Supplemental Figure 12 , B-E). When HFDfed mice were treated with NPFF ( Figure 2H ), the transcription of Rnf128 was reduced in ATMs ( Figure 4K ). Human ATMs also had reduced RNF128 transcription following treatment with 0.5 nM NPFF in vitro (Supplemental Figure 7C) .
The M2-activating effects of NPFF were mediated by NPF-FR2, since ablation of NPFFR2 abolished NPFF-induced p-STAT6 (Supplemental Figure 10D) Figure 14, A and B) .
NPFF increases ATM self-renewal. It has been reported that ATMs can proliferate (4) , and recent studies suggest that IL-4 promotes tissue-resident macrophage proliferation (25, 26) . Nevertheless, increased ATM proliferation contributes to the accumulation of M1-ATMs in obese AT (1, 4) ; however, signals controlling selfrenewal of ATMs are poorly understood (1) . Whether local proliferation is relevant for ATM replenishment in lean AT is also unknown. Nonetheless, this possibility was supported by our findings that Ki67 + ATMs were present in both eWAT and iWAT (Supplemental Figure 15 ), and BrdU was incorporated into ATMs ( Figure 5A) . The time window for BrdU incorporation into ATMs matched the ATM proliferation rate reported for obese AT in mice (27) . BrdU was not incorporated into blood monocytes ( Figure 5A ). Altogether, these findings suggest that a proliferating ATM population exists in lean AT, which replenishes ATMs. To study this possibility in more detail, isolated ATMs were maintained in vitro and challenged with clodronate liposomes. Under this condition, blood monocytes cannot be recruited, and new ATMs should be generated from a bone marrow-independent stem cell pool. Shortly after removal of the clodronate liposomes, we found that newly formed ATMs were present in the culture ( Figure 5B) , as demonstrated by the increased number of F4/80 + cells and increased Emr1 (encoding F4/80 antigen) transcription ( Figure 5C ). ATM recovery was associated with increased cyclin E (Ccne) transcription ( Figure 5C ). We observed that replenishment of ATMs was also increased in vitro by NPFF treatment (Figure 5, D and E) .
To corroborate the finding that NPFF increases ATM selfrenewal, we treated mouse and human ATMs in vitro with 0.5 nM NPFF. The number and proliferation of both mouse and jci.org Volume 127 Number 7 July 2017
We show that plasma NPFF levels are reduced in human and murine obesity, together with decreased numbers of Npffr2expressing ATMs in obese AT in mice. Thus, obesity can lead to the loss of the effect of NPFF on ATMs, which is consistent with the current paradigm for the relationship between obesity and dysregulated ATM proliferation and activation (1) . NPFF is known as an anorexigenic factor in rodents that acts at hypothalamic nuclei (6, 7) . The balance between anorexigenic and orexigenic signals in the hypothalamic center of appetite control is key in obesity development (40) . A reduction in plasma NPFF levels may reflect impaired NPFF release from the hypothalamic nuclei in obesity. In addition, diminished Npff transcription in the endocrine pancreas can also account for the reduced plasma NPFF pool in obesity.
As shown here, NPFF shifts macrophages to an M2 activation state. IL-4 increases NPFFR2 expression, clearly demonstrating the role of NPFF signaling in M2 macrophages. In HFD-fed mice, NPFF treatment increased Npffr2 transcription in ATMs and triggered M2 activation of ATMs, and this effect was associated with improved glucose tolerance. Since ATMs are prominent NPFFR2expressing macrophages, there is the potential for NPFF to reduce AT inflammation. NPFFR2 expression was also detectable at lower levels in other macrophage types, such as Kupffer cells, and NPFF exerted a mild antiinflammatory effect on Kupffer cells. This, however, would augment the beneficial effect of NPFF and not challenge the role of NPFF in M2 activation of ATMs.
The mechanistic basis of NPFF action in macrophages involves diminished cAMP synthesis, which suppresses the transcription of genes involved in the IFN response ( Figure 7F ). NPFF suppresses the expression of the IFN-responsive gene Rnf128. Reduced Rnf128 transcription delays p-STAT6 decay in NPFF-treated macrophages, leading to the transcription of M2 activation genes such as Arg1, Il10, Il4ra, and Agmo. Furthermore, NPFF increases the transcription of Ndrg2, a known inhibitor of STAT3 signaling (41) . In addition to the augmented IL-4 signaling, NPFF also increases Il10 transcription. It is well established that IL-10 suppresses the expression of proinflammatory cytokines as well as antigen-presenting and costimulatory molecules in macrophages (42) .
NPFF also suppresses the transcription of members of the IFI200 family. The IFI200 family includes proteins that accumulate in the nucleus during the IFN response and interact with various transcription factors (32, 43) . They control the cell cycle in a wide range of cell types including macrophage progenitors (44, 45) . IFNs cause growth arrest, and IFI200 family members are involved in this effect (32, 44) . While it is known that the Ifi200 gene family inhibits immune cell proliferation and affects inflammation (32, 44) , little is known about how IFI200 expression is controlled. Our study raises the possibility that NPFF exerts hormonal control of IFI200 transcription. This has relevance in various disease conditions such as autoimmunity, in which macrophages, IFN response, and IFI200 family members play key roles (32) .
NPFF exerts its effects through NPFFR2 both in vitro and in vivo. We show that NPFF/NPFFR2 signaling is a common hub for M2 activation and increased macrophage proliferation ( Figure  7F ), thus enriching AT with M2-activated ATMs and impeding AT inflammation ( Figure 7G ). The impact of macrophage selfrenewal has been recently recognized (4, 25, 27) ; however, the underlying mechanisms that are decisive for ATM proliferation NPFF triggers a strong reduction of intracellular cAMP, contrasting with the effect of IFN-γ, which increases cAMP levels (33) (34) (35) . Thus, we hypothesized that the antagonistic effects of IFN-γ and NPFF on cAMP synthesis were key for NPFF-induced M2 activation and proliferation of ATMs. As with IFN-γ, the cAMP analog Br-cAMP provoked a pronounced increase in Rnf128 transcription and thus had an effect opposite that of NPFF ( Figure 7B ). Br-cAMP abolished the inhibitory effect of NPFF on the transcription of Rnf128 and impeded M2 activation provoked by NPFF ( Figure 7B) . A recent study has shown that cAMP is involved in STAT3 signaling (35) , and a STAT3 response element is present in the Rnf128 promoter (Supplemental Figure 17D ). We found that Br-cAMP increased STAT3 phosphorylation in ATMs, and this effect was antagonized by NPFF ( Figure 7C ). When STAT3 was phosphorylated by IL-6 before treatment, NPFF failed to reduce Rnf128 transcription ( Figure 7C ).
Like M2-activation, increased ATM proliferation was dependent on the reduction of intracellular cAMP levels ( Figure 7D ). Br-cAMP abolished the effect of NPFF on the proliferation of ATMs ( Figure  7D ). Further, Br-cAMP abolished the inhibitory effect of NPFF on the transcription of IFI200 family members and abrogated the NPFF-induced upregulation of Ndrg2 transcription ( Figure 7E ).
Discussion
This study shows that NPFF is a potent regulator of ATM quantity and quality. We demonstrate here that NPFF/NPFFR2 signaling in macrophages augments STAT6 signaling, which mimics M2 activation and enhances macrophage self-renewal. NPFF/NPFFR2 signaling is thus a common hub for the control of macrophage activation and proliferation.
It has been known for more than 20 years that human plasma contains levels of NPFF one order of magnitude higher than the levels found in cerebrospinal fluid, and, consequently, it has been hypothesized that NPFF is distributed in the bloodstream and acts as a hormone (13, 36) . This possibility, however, has not been systematically investigated. Moreover, the known effects of NPFF on metabolism, such as appetite control and thermogenesis, were traditionally associated with its neurotransmitter function in the nervous system (7) . We show for the first time to our knowledge that the peripheral effects of NPFF are relevant.
Discrepancies exist between the reported plasma and cerebrospinal fluid levels of NPFF in humans and experimentally used concentrations of NPFF (8, 9, 13, (36) (37) (38) , making it challenging to distinguish physiological and pharmacological effects of NPFF and to define signaling pathways activated by this neuropeptide. For instance, the inhibitory effect of micromolar amounts of NPFF on NO synthesis in macrophages has been interpreted as an antiinflammatory potential of NPFF (38) . However, the NPFF concentration used was orders of magnitude higher than its physiological level, making it conceivable that toxic or nonspecific effects of high-dose NPFF occurred. Our findings show that mouse and human plasma NPFF levels match the EC 50 for NPFFR2 determined in our study and by others (39) and that this concentration is effective for inducing ATM proliferation and M2 activation, with concomitant protection from M1 activation. Thus, it is conceivable that plasma NPFF has the potential to control the content and activation state of ATMs. jci.org Volume 127 Number 7 July 2017
(Cloud-Clone Corp.). Details of the mass spectrometric data on plasma NPFF levels and quality control for the ELISA are provided in Supplemental Figure 3 . Isolation and in vitro culture of ATMs. ATMs were isolated from eWAT and iWAT depots from mice and omental fat from human donors using collagenase digestion as described previously (3) . ATMs were suspended in selection medium consisting of 2 mM EDTA and 0.5% BSA in PBS, pH 7.4, and used for flow cytometry, transmission electron microscopy (TEM), preparative cell sorting, and RNA extraction, or were cultured in vitro (Supplemental Figure 1) . For in vitro culturing, CD11b + F4/80 + mouse ATMs or CD14 + CD68 + human ATMs were retrieved with preparative cell sorting as described below. ATMs were allowed to adhere to 6-well plates in RPMI 1640 medium with 10% FCS and were treated with NPFF (Tocris Bioscience; Phoenix Pharmaceuticals Inc.), RF9 (14) , 100 ng/ml LPS from E. coli, 10 ng/ml mouse or human IL-4, 20 ng/ml human IL-13, 5 μg/ml pI:pC, 2.5 ng/ml IFN-γ, 500 μM Br-cAMP (all from Sigma-Aldrich), and 100 ng/ml IL-6 (ImmunoTools) or 200 nM AS 1517499 (Axon Chemicals). NPFF purity was controlled by HPLC.
FACS analysis and preparative cell sorting. Cell density was adjusted to 10 6 cells/ml, and analysis was performed on a BD LSR II Cell Cytometer (BD Bioscience). The antibodies used are listed in Supplemental Table 1 . After a 2-hour incubation, the cells were washed in selection buffer and used for analysis. For preparative cell sorting of CD11b + , F4/80 + ; CD14 + , CD68 + ; NPFFR2 + ; and Ki67 + or Ki67 -ATMs, we used the Aria Cell Sorter. CD11b, F4/80, CD14, CD68, and NPFFR2 staining was performed on live cells. The sorted cells were collected for Western blotting, RNA extraction, or for further TEM analysis. Ki67 staining was carried out on cells fixed with 2% PFA and permeabilized with 0.05% Triton X-100 to ensure recognition of the nuclear antigen Ki67 by the antibody. In this case, CD11b and F4/80 staining was performed on fixed cells. Sorted Ki67and Ki67 + ATMs were used for RNA extraction. For cell-cycle analysis, the in vitro cultured ATMs were fixed with 2% PFA. Cells were washed with selection buffer and treated with RNAase, and the DNA was stained with propidium iodide (Sigma-Aldrich).
RNA extraction and quantitative PCR. Total RNA was isolated from tissues, adipocytes, and macrophages with TRI Reagent (Sigma-Aldrich). RNA integrity was controlled by denaturing agarose gel electrophoresis. Only nondegraded RNA samples were used for cDNA synthesis, as described previously (46) . Sorting of ATMs for Ki67 antigen required prior fixation with PFA, therefore, the RNeasy FFPE Kit (QIAGEN) was used to extract RNA from Ki67and Ki67 + ATMs. The ViiA 7 (Thermo Fisher Scientific) quantitative PCR platform was used for analysis, and gene expression values were expressed as relative mRNA levels according to dCt and ddCt methods, using Actb and Ppia (also known as Cypa) as reference genes for murine samples and ACTB and PPIA as reference genes for human samples. The primer sequences are provided in Supplemental Table 2 .
Supplemental methods. The assessment of glucose homeostasis in mice, TEM of ATMs, analysis of NPFF distribution in pancreas, isolation of resident macrophages, cell culturing of J774A.1 macrophages, Western blot analysis, cell-based ELISA, generation of transgenic mice and macrophages, NPFFR2-binding assay, intracellular cAMP measurement, and Affymetrix gene expression analysis are described in the Supplemental Methods. See complete unedited blots in the supplemental material. remain enigmatic. Our findings identify an endogenous hormonal signal mechanism that impacts on ATM self-renewal.
In conclusion, this study shows that NPFF controls ATM self-renewal and M2 activation. NPFF has the unique ability to increase ATM numbers and maintain the newly formed ATMs in an M2-activated state. NPFF can also protect against AT inflammation, the main predisposing factor for IR. Thus, NPFF may have utility as a tool in the future treatment of obesity-associated dysregulation of ATM activation and proliferation.
Methods
Animals. We used C57BL/6 male mice (Charles River Laboratories), NPFFR2-deficient mice, NPFFR2-overexpressing mice, and RNF128-deficient mice on a C57BL/6 background. All mice were 8 weeks of age at the beginning of the experiments. The generation of transgenic mouse lines is described in the Supplemental Methods. Male mice were rendered obese on a 12-week-long HFD consisting of 45% of calories from fat (RD formula; SSNIFF). The control group was fed a normal chow diet (NCD) for the same period. For CR experiments, the test group received a low-calorie diet (SSNIFF) for 2 weeks. For NPFF replacement, HFD-fed mice were injected daily with 4 nmol/kg NPFF (Phoenix Pharmaceuticals Inc.) for 18 days. Each experimental group was established from 6 control and 6 treated mice.
Human samples. Plasma and fat samples were obtained between June 2015 and January 2016 at the Hospital Clínico Universitario de València. The metabolic parameters for patients and volunteers are summarized in Supplemental Table 3 . Plasma samples were obtained from healthy volunteers (n = 32), morbidly obese patients (n = 18), and patients with type 1 diabetes mellitus (n = 6). Patient selection was based on the NIH's recommendation of a BMI above 40 kg/m 2 . The nonobese volunteers had a BMI of 20 to 25 kg/m 2 . To test the effect of intermittent fasting, we recruited 10 nonobese volunteers, 5 of whom followed a regime of daily 16-hour fasting for 28 days, while the other 5 volunteers did not fast. Blood samples were collected in EDTA-coated hemotubes and centrifuged, and the plasma samples were stored at -80°C until further analysis. Blood glucose, insulin, and NPFF levels were assayed using commercial ELISA kits from Sigma-Aldrich and Cloud-Clone Corporation. AT samples were collected from the omental fat depot of morbidly obese patients (n = 16) during routine bariatric surgical intervention at the Hospital Clínico Universitario de València between June 2015 and January 2016. Eight patients followed a CR diet for 1 month before blood sampling and surgery. These patients were allowed to drink a specially formulated balanced energy drink (Vegenat SA) and other calorie-free drinks such as water, tea, coffee, and nonfat broth. Omental fat from 3 nondiabetic obese donors without CR was used for isolation and in vitro culturing of ATMs. Pancreas samples were collected from deceased organ donors (Network of Pancreatic Organ Donors, University of Florida, Gainesville, Florida, USA), fixed in paraformaldehyde (PFA), and processed for histological and gene expression analysis. Samples from 2 nondiabetic donors were used for histology. Gene expression analysis was performed for 18 control donors with no autoantibodies and no diabetes and 20 donors with type 1 diabetes mellitus (for details, see the Supplemental Information). One patient underwent radical pancreas resection, and plasma samples were collected prior to and after surgery.
Assessment of plasma NPPF levels. Plasma NPFF levels in human and murine plasma were assayed using commercial ELISA kits
